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ABSTRACT

KEYWORDS: BLDC ; Speed control; Simulation; Hardware.

Brushless DC machines has high power to volume ratio and characteristics

similar to conventional DC machines. They require power electronic control for operat-

ing the machine. The control of machines is more accurate andhigh speed of response

can be achieved although control structure and algorithms are complex. The implemen-

tation of digital controller make complex manipulations ofmachine equations within

very short time and had better noise rejection filters. The major drawback of imple-

menting digital controller is the limited bandwidth. BLDC machines, characterized by

trapezoidal back-emf, which are also called as commutator-less DC machines, has two

modes of operation. Sensored and sensorless operation, each has its own merits and

demerits. In Sensorless mode, there are various ways to sense the position of rotor and

among those, sensing phase back-emf is the widely used and older method.

This project emphasises on development of low-cost controller and power

circuit used for driving BLDC motors which can be implemented in laboratory for

demonstration. Also, the speed control of BLDC motor in sensorless mode using mi-

crocontroller.
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CHAPTER 1

Introduction

In the modern society, electricity is the most popular secondary energy

source. The application of motors had spread to all fields in our daily life and national

economy, as mechanical to electrical energy conversion devices. Since its origin, the

development of motors,adaptability to different applications had been intensive. The

economic constraints and new standards legislated by government place higher require-

ments of electrical systems. New generation of equipments must have better perfor-

mance parameters such as high efficiency, high torque to weight ratio and so on. All

these parameters should be achieved at decreased system cost. Real-time applications

involve precise control and required output from the rotating machine, which provide

great challenges to electrical engineers.

1.1 Classification of Motors

Electric motors,which are the most important electrical energy conversion

device had been classified vastly based on several criteria.

1. Based on type of Power Source,DC Motors and AC motors.

2. Based on type of motion, Linear and Rotational.

3. Based on type of field excitation, Permanent Magnet and Electromagnet.

4. Based on type of commutator arrangement, Split ring, slipring and Commutator-
less

The figure 1.1 gives us complete classification of motors[1].



Figure 1.1: Classification of Motors
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1.2 Permanent Magnet Machines

Introduction of Permanent magnets resulted in compactnessand high power

to weight ratio. Though conventional DC machines are highlyefficient, the drawback is

that they require commutator and brush arrangement which are subjected to arcing and

mechanical wear and tear losses. With the rapid developmentin the field of power elec-

tronics, high power and high frequency power semiconductorswitches are functionally

equivalent to commutator and brush arrangement. But Power switches have their own

merits and demerits.

1.2.1 Classification of Permanent Magnet Machines

The main classification of PM machines is based on the placement of Per-

manent magnets.

1.2.1.1 Permanent Magnet DC machines

In these machines, Permanent magnets are placed in the stator. These ma-

chines require commutator and brush arrangement,are provided with DC excitation to

the armature. The performance of the machine is comparable to the conventional DC

machine.

1.2.1.2 Permanent Magnet AC machines

These machines have permanent magnets placed in the rotor. Also known

as Commutator-less Machines. These machines don’t requirecommutator and brush.

The position of the rotor is sensed using Hall sensors and AC excitation is provided with

the help of inverter.Depending upon the wave shape of back-emf, Permanent Magnet

AC machines can be classified into two types.

1. Permanent Magnet Brush-less DC Machines

2. Permanent Magnet Synchronous Machines

3



As per ANSI/IEEE 100-1984 and NEMA MG7-1987, BLDC machine is

a type of self-synchronous rotary motor controlled by electronic commutation, where

rotor is mounted with permanent magnets along with rotor position sensors and com-

mutation circuit can either be independent or integrated tothe motor.

Depending upon the type of mounting of Permanent magnets in the rotor, PMBLDC

machines are classified into two types.

1. Interior mounted

2. Surface mounted

1.3 Advantages of BLDC machine over Conventional

DC machine

1. Less Maintenance is required since no commutator and brush.

2. Low rotor inertia since permanent magnets are used.

3. No limitation over speed range.

1.4 Construction and Operation of BLDC machine

Typical BLDC machine consists of the following parts

1. Stator which hosts of system of conductors.

2. Rotor where Permanent Magnets are mounted.

3. Rotor position sensor using Hall sensors.

1.4.1 Stator

The stator of a BLDC machine consists of windings wound over stacked

steel laminations. The windings are distributed over the entire periphery and their ends

are inter-connected to determine the number of poles. The number of windings de-

termine the number of phases of the motor. The figure 1.2 represents the connection

diagram of stator windings.

4



Phase A

Phase B Phase C

Ra

La

Lb
Lc

RcRb

Figure 1.2: Connection diagram of Stator winding

1.4.2 Rotor

The rotor of a BLDC machine consists of permanent magnets either mounted

on the surface or interior. Permanent magnets can be classified based on the flux den-

sity, relative permeability and other parameters. Ferrites are commonly used since they

are available abundantly and less expensive though they possess less flux density. Rare

earth magnets such as NdFeB, SaCo, AlNiCo which have high fluxdensity but they are

very expensive.

There are different placement of permanent magnets on the rotor and accordingly it is

classified as shown in figure1.3, figure1.4 and figure1.5 respectively.
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Figure 1.4: Inset Mount Rotor BLDC
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PM Magnet

Shaft

Figure 1.5: Buried PM Rotor BLDC

1.4.3 Hall sensors

The position of the rotor is determined by Hall sensors whichare normally

mounted on the stationary part. Hall sensors are placed 120°apart and six commutation

sequences are achieved using possible combinations of three hall sensors. The hall

sensor requires DC power source of 3 V to 36 V and sinks 15 mA of current with open-

collector type output. The main drawback of using hall sensors is reduced immunity to

electromagnetic interference and noises. The figure 1.6 shows the overall block diagram

of operation of BLDC machine.
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DC Power 

driver

Three Phase
Inverter

Rotor 

Transistor

Source
BLDC
Motor

Controller 
Gating Logic
Decoder

position
sensor

Figure 1.6: Operation of BLDC machine

1.4.4 Operation of BLDC motor

A BLDC machine with star-connected stator windings and two-pole rotor

is considered for explanation. In order to obtain the rotation, stator coils have to be en-

ergized in a particular sequence and hence three phase inverter is connected. The gating

pulses to the inverter switches are determined based on the position of the rotor. At any

instant of time, only two phases will be conducting and thirdphase will be left open.

The hall sensors are displaced 30°from the zero crossing of the respective back-emf.

With respect to DC bus ground, each leg mid-point voltage cantake two

values. Hence, the total number of switching states are eight. Of these, two combina-

tions do not provide motor torque. This switching of the stator to build up rotation is

called commutation. For three phase stator windings, thereare six-step commutation[4]

as shown in table1.1.

Table 1.1: Commutation Sequence based on Hall Sensor outputs

Rotor Ha Hb Hc S1 S2 S3 S4 S5 S6 Phase to which full
position voltage is applied
0◦-60◦ 0 0 1 0 0 0 0 1 1 CB

60◦-120◦ 1 0 1 1 0 0 0 0 1 AB
120◦-180◦ 1 0 0 1 1 0 0 0 0 AC
180◦-240◦ 1 1 0 0 1 1 0 0 0 BC
240◦-300◦ 0 1 0 0 0 1 1 0 0 BA
300◦-360◦ 0 1 1 0 0 0 1 1 0 CA

The BLDC machine is similar to DC machine with respect to operation
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except three phases are to be considered. The back-emf developed is a function of the

position of the rotor. The torque of the motor is given by the product of phase current

and back-emf of the corresponding phase and divided by the rotor speed. The follow-

ing figure1.7 depicts the back-emf and corresponding phase current in ideal case. The

construction of stator and its winding arrangement will produce back-emf and corre-

sponding phase current as shown in figure1.9.

Phase A

Phase B

Phase C

Back EMFCurrent

Torque

θe

θe

θe

120 180 300 360240 θe(indegrees)42060

Figure 1.7: Ideal case waveforms Back-EMF and Phase currentfor 360°

The dynamic and steady state equations of BLDC machine are derived from the equiv-

alent circuit as shown in figure 1.8.

va = Raia + La

dia
dt

+ ea (1.1)

vb = Rbib + Lb

dib
dt

+ eb (1.2)
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B C

A

DC

Figure 1.8: Equivalent circuit of BLDC machine when B and C phases are conducting
and A phase freewheeling

vc = Rcic + Lc

dic
dt

+ ec (1.3)

where,

va - instantaneous voltage of A - phase. Similarlyvb andvc.

ia - instantaneous phase current of A-phase. Similarlyib andic.

Ra, Rb, Rc - resistances of A,B and C phase. Normally R =Ra = Rb = Rc.

La, Lb, Lc - inductances of A,B and C phase. Normally L =La = Lb = Lc.

ea - back-emf developed in A-phase. Similarlyeb andec.

Since the machine is star-connected,

ia + ib + ic = 0 (1.4)

For the equivalent circuit shown in figure1.8

the corresponding electrical equations

L
dia
dt

= −(2E − Vdc)/3 (1.5)

L
dib
dt

= (2E − Vdc)/3 (1.6)
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Phase A

Phase B

Phase C

Back EMF Phase Current

θe

θe

θe(indegrees)

60 180 300 420120 240 360

Figure 1.9: Back-EMF and Phase current for 360°

L
dic
dt

= (4E − Vdc)/3 (1.7)

Back-emf equations are given as

ea = Ke(θ)ω (1.8)

eb = Ke(θ − 2π/3)ω (1.9)

ec = Ke(θ − 4π/3)ω (1.10)

where,

Ke = back-emf constant

θ = Rotor position

ω = angular velocity of the rotor
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Back-EMF constant is a function of rotor position and represented for 360°for Phase A

Ke(θ) = (6E
π

) * θ for 0≤ θ ≤ 30°

Ke(θ) = E for 30°≤ θ ≤ 150°

Ke(θ) = -(6E
π

) * θ + 6*E for 150°≤ θ ≤ 210°

Ke(θ) = -E for 210°≤ θ ≤ 330°

Ke(θ) = (6E
π

) * θ -12*E for 330°≤ θ ≤ 360°

Similarly for Phase B and Phase C except phase shifted by 120°and 240°

Electromagnetic Torque equation

Te = Kt(θ)ia +Kt(θ − 2π/3)ib +Kt(θ − 4π/3)ic (1.11)

Where,Kt = Torque constant

Mechanical Equations:

Te = Tl + J
dω

dt
+Bω (1.12)

where,Tl = Load Torque

J = Rotor inertia

B = Damping Co-efficient

Transfer function for Electrical System under steady statecondition

Va(s) = (R + sL)Ia(s) (1.13)

Ia(s)

Va(s)
=

1

R + sL
(1.14)

where,τelec = L
R

Transfer function for Mechanical System
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KtIa(s) = (sJ +B)ω(s) (1.15)

ω(s)

Ia(s)
=

Kt

sJ +B
(1.16)

where,τmech = J
B

Transfer function for combined system

ω(s)

V (s)
=

ω(s)

I(s)
∗
I(s)

V (s)
(1.17)

ω(s)

V (s)
=

Kt

sJ +B
∗

1

R + sL
(1.18)

which gives electromechanical time constant

τem = JRa

(Kt)2

1.5 Theoretical Understanding of BLDC machine model

Initially BLDC machine with mechanical input is given and made the machine to op-

erate as generator. The back-emf are measured and found thattrapezoidal back-emf as

shown in figure1.10a. It also requires mechanism to sense theposition of rotor. The

hall-sensor can be used to sense the zero crossing of back-emf by giving high pulses.

Three hall sensors are placed 120°apart from each other. Thesequence of excitation

based on hall sensor outputs should produce constant power,which requires displace-

ment of hall sensors by 30°with respect to zero crossing of the back-emf as shown in

figure1.10b. The Phase current will have duration of 120°andof quasi-square shape.

The gate pulses to the machine for the phase A is given in figure1.10c.

Observations:

From the figure 1.10a, Suppose a speed input ofω rad/s is given to the BLDC machine
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(a) BLDC run with mechanical input (b) BLDC machine with hall sensor
based excitation

(c) Gate Pulses given to Phase A (d) Power developed in the motor

Figure 1.10: Waveforms describing BLDC operation

and back-emf developed is given by

Eb = Kb ∗ ωm (1.19)

From the figure 1.10b, Hall sensor position inside the machine is at 30°with respect to

give zero crossing of back-emf and excitation provided to corresponding phase where

back-emf is constant so that constant power is developed which is shown in figure 1.10d.

The implementation of chopping in gate pulses provides us control over the output aver-

age voltage of the inverter. There are two types of chopping such as Hard chopping and

Soft Chopping. Hard Chopping means both high side switches and low side switches

are triggered with PWM pulses as shown in figure1.11a. Both switches are ON or

there will be instants where both switches are OFF. Soft chopping is the method where

high side switch is kept ON and low side switch is chopped. Soft Chopping has the

advantage of less stress experienced by the chopped switch in comparison with hard

13



(a) PWM gate pulses
(b) PWM mode with duty changed from 0.5
to 1 at time instant t= 0.2

Figure 1.11: Waveforms of BLDC operation in PWM mode

chopping. From 1.11b, PWM with duty changed from 0.5 to 1 at t =0.2 s, where speed

is doubled with time constant.

1.6 Organization of Project Report

Chapter 2 deals with the controller design for the BLDC machine. Also comparison of

simulation results (both open loop and closed loop) with thetheoretical results has been

presented.

Chapter 3 deals with the hardware implementation of the inverter circuit and controller

circuit and their corresponding experimental results.

Chapter 4 presents the summary and scope for future development.
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CHAPTER 2

Design of Controller and Simulation Results

2.1 Simulation Results of BLDC machine in Open loop

The specifications and machine parameters used for simulation is given in

Appendix A.

In the open loop, the power switches in the inverter are triggered with fixed duty. The

gate pulses to the power switches are derived from six possible combinations of three

hall sensor outputs which are displaced by 120°. This mode ofoperation is known as

“Sensored Operation” of BLDC machine.

Otherwise, the gate pulses can also be derived from the zero crossing of Back-emf

signals thereby eliminating the need of hall sensors. This method of operation is called

“Sensorless operation” of BLDC motor.

2.1.1 Sensored Operation in Open loop

The position of the rotor is sensed by placing the hall sensorin the stationary part or in

the stator itself[2]. The hall sensor requires DC power source and pull-up resistor in the

output since its open-collector output. A BLDC machine withparameters mentioned

in Appendix A is simulated in MATLAB and the corresponding machine quantities are

plotted. The BLDC machine is taken from MATLAB library whichwill have internal

signal conditioning subsystems so that the measured quantities are smooth. Also, the

power electronic devices used are ideal and did not have snubber circuits. The practical

implementation of these devices should be taken care of and will be discussed in the

next chapter. The placement of Hall sensor inside the machine pose critical effect on

the performance of the machine. Normally, the hall sensors are positioned 30°after the

zero-crossing of the back-emf. Depending upon the hall-sensor outputs, the commu-



tation logic is derived in MATLAB function file which will be included in the path of

SIMULINK file where machine is used for simulation.

(a) Back EMF and Hall sen-
sor signal
Scale: x-axis- 10 ms/div , y-
axis- 2V/div

(b) Back EMF and Phase
Current
Scale: x-axis- 10 ms/div , y-
axis- 2 V/div

(c) Rotor speed and Torque
Scale: x-axis- 50 ms/div , y-
axis- 20 rad/div

(d) Speed Vs Torque
Scale: x-axis- 20 rad/div , y-
axis- 200 mV/div

Figure 2.1: Sensored Operation of BLDC in open loop

Observation:

All the above simulations are done withVdc = 24 V andTl = 0 Nm and observed that

From 2.1a, Back-EMF and Corresponding Hall sensor output are plotted and 30°displacement

between hall sensor and back-emf.

From 2.1b, Phase Back-EMF and corresponding phase current are plotted. Phase cur-

rent = 0.3 A is drawn under this condition.

From 2.1c, Rotor speed attains the final speed in less than 0.15 s since initialTe is large

due to largeIa.

From 2.1d, Initially torque is high due to high starting current and then switching ripple

is reflected in the torque ripple.

When the machine is loaded in open-loop condition using sensored control, the speed

of the machine dips and the slope of the deceleration dependsupon the rate at which

load is applied.
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(a) Rotor Speed Vs Electro-
magnetic Torque
Scale: x-axis- 100 ms/div ,
y-axis- 500 mV/div

(b) Back EMF and Phase Current
Scale: x-axis- 100 ms/div , y-axis-
500 mV/div

Figure 2.2: Sensored Operation of BLDC in open loop under loaded condition

Observation:

From the Figure2.2a and 2.2b, it is observed the rotor speed is decreased to 120 rad/s

and the phase current is increased to 5 A. When the brake torque is more than the elec-

tromagnetic torque, the motor speed will reach zero and willaccelerate in the reverse

direction.

2.1.2 Sensorless Operation in Open loop

In applications where cost-effective BLDC machines have tobe developed,

then hall sensors are eliminated. The position of the rotor will be determined indirectly.

In the past, there are lot of techniques proposed for sensingrotor position. Among

these techniques,back-emf signals are mostly used for sensing rotor position from zero-

crossing detection. The major drawback of Sensorless operation is that when motor

operates at low speed and at starting, the back-emf will be low and very difficult to find

zero crossing. So, we have to use start-up algorithm where random gate pulse triggering

up to a particular speed and then zero crossing detection method is employed.

Table 2.1: Comparison of sensored and sensorless operation

S.No Features Sensored control Sensorless control
1 Implementation Cost High Low
2 Accuracy of High at all Less at starting

position sensing RPM and low RPM
3 Output Pull-up resistor Requires Phase

is required Delay of 30°
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(a) Back EMF and Hall sen-
sor signal
Scale: x-axis- 10 ms/div , y-
axis- 2 V/div

(b) Back EMF and Phase
Current
Scale: x-axis- 10 ms/div , y-
axis- 2 V/div

(c) Rotor speed and Torque
Scale: x-axis- 50 ms/div ,
y1-axis- 50 rad/div y2-axis -
500 mN/div

(d) Speed Vs Torque
Scale: x-axis- 20 rad/div , y-
axis- 200 mN/div

(e) Actual Vs Virtual Hall
sensor signals
Scale: x-axis- 10 ms/div ,
y-axis- 200 mV/div

Figure 2.3: Sensorless Operation of BLDC in open loop

Observation:

From the Figure 2.3a, the zero crossing of back-emf and hall sensor signals for phase A

is having 30°displacement.

From the Figure 2.3b, the phase current is of quasi-square wave shape and back-emf for

phase A with respect to phase current is plotted.

From the Figure 2.3c, the mechanical characteristics of motor shows that no-load speed

is 147 rad/sec and torque is 0.1 Nm

From the Figure 2.3d, the initial torque of the motor is 1.8 Nmand then torque ripple at

switching instants.

From the Figure 2.3e, the actual and virtual hall sensors aresimilar.

It is observed that sensored mode and sensorless mode are giving the similar output.
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2.2 Design of Controller

There are applications where desired operation is requiredand this objec-

tive is achieved through the implementation of suitable control algorithm. In fan appli-

cations, where constant torque is developed and in turn constant speed can be achieved

through the speed controller. In applications where load isnot constant, current loop

is implemented to reduce torque ripple. There are three commonly used techniques for

achieving the control in BLDC machine.

1. DC Link Voltage control

2. Pulse Width Modulation control

3. Hysteresis control

2.2.1 DC Link Voltage Control

The BLDC machine supply is fed from the inverter , which in turn pro-

vided by conventional AC supply through phase controlled rectifier. By controlling the

firing angle, the DC link voltage is controlled and thereby controlling the machine input

power. This method provides two conversion AC to DC and againDC to Square pulsed

output. In each stage, the use of power electronic devices contribute to power loss and

thus, limiting the range of operation of the circuit.

2.2.2 Pulse Width Modulation Control

The Pulse Width Modulation technique is a constant frequency, variable

on-time. It is easy to design filter and select the cut-off frequency as frequency of

operation is constant. Pulse width modulation further can be realized using different

sub-techniques. The carrier signal should be generated which determines the switching

frequency. The selection of switching frequency is a compromise solution depending

upon applications. For high frequency switching, the switching loss will be comparable

and reduce the efficiency of the converter. For low frequencyswitching, the controller

bandwidth is limited. Electromagnetic Interference and Noises will contribute and af-

fect the modulation signal.
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2.2.3 Hysteresis Control

This is the simplest algorithm through which control is achieved. The

hysteresis band should be selected and band width should be chosen accordingly. EMI

and Noise issues will not be there but frequency of operationis not constant and difficult

to design the filter[3].

The complete controller block diagram is as shown in figure 2.4

Current

sensor

PWM InverterSpeed
Controller Controller Modulator

Current 
sensor

Speed

Kt

Kb

ωref
ωm

1
Js+B

1
R+sL

Tl

Figure 2.4: Block Diagram of Complete Controller Design

2.2.4 Machine parameters

Resistance per phase R = 0.15369Ω

Inductance per phase L = 0.00016H

Effective ResistanceRa= 2 * R = 0.30738Ω

Effective InductanceLa = 2 * L = 0.00032H

Electrical Time Constantτelec = La / Ra = 1.04ms

Rotor Inertia J = 5e-4 kg-m2

Friction Co-efficient B = 1e-3

Mechanical Time Constantτmech = J/B = 0.1s

Switching Frequencyfs= 10 kHz

Back-EMF constant K = 0.04 V/rad/s

Effective Back-EMF constant Kb = 2 * K = 0.08 V/rad/sec

Inverter GainKI = 24

Inverter delayτI = 1/(2*fs) = 0.5e-4

Current Sensor gain K2 = 0.1

Current Sensor delayτ2 = 3.183e-5
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2.2.5 Design of Current Controller

The generic block diagram representing the motor in mathematical model using transfer

functions as shown in figure 2.5.

Kb

Kb

ωm

Gmech

Tl

TeIa
Gelec

Eb

Va

Figure 2.5: Plant structure including electrical and mechanical

where,

Gelec = Electrical system Transfer function

Gmech = Mechanical system Transfer function

The derivation ofGelec is given as follows

Va - Eb = Ia(Ra(1+sτelec))

Ia(s)

Va(s)
=

1

Ra(1 + sτelec) +
Kb2

B(1+sτmech)

(2.1)

Ia(s)

Va(s)
=

1+sτmech

Ra

s2τmechτelec + s(τelec + τmech) + (1 + Kb2

BRa
)

(2.2)

After doing first order approximation

Ia(s)

Va(s)
=

1

Ra(1 + sτelec)
(2.3)
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The bode plot of the plant transfer function is given by

Figure 2.6: Bode Diagram for Plant transfer function

Observation:

From the plot 2.6, it is found that the bandwidth of inner loopis 473 Hz. In order to

improve the bandwidth of the inner loop, PI controller is added so that initial gain im-

proved by appropriately selectingKp and steady state error is nullified by selectingKI .

Implementation of Current Controller to achieve constant torque and re-

duced overshoot during sudden loading conditions. Proportional - Integral Controller

is chosen with appropriateKp andKI values. The effect of inverter delay and current

sensor delay are also considered. The block diagram representing the current controller

is represented as shown in figure 2.7.

Iact(s)

Iref(s)
=

Kc(1+sτc)KI

VmRa(1+sτelec)(1+sτI )sτc

1 + Kc(1+sτc)KIK2

VmRa(1+sτelec)(1+sτI )(1+sτ2)sτc

(2.4)
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Current
Controller

PWM

Modulator

Inverter
Plant

Sensor

Iref

Iactual

Va

Eb

Kc(1+sτc)
sτc

1
Vm

K2

1+sτ2

KI

1+sτI

1
Ra(1+sτelec)

Figure 2.7: Implementation of Current Controller

Here,Vm = 1

The bandwidth of the Current loop is chosen as 2 kHz. Inverterdelay is assumed to be

half of the switching frequency and current sensor delay is also negligible.

The loop gain of the current controller is taken and comparedwith desired bandwidth

to getKp value.

Assume,τc = τelec

1

sτdesired
=

Kc(1 + sτc)KIK2

Rasτc(1 + sτI)(1 + sτelec)(1 + sτ2)
(2.5)

From the above equation,

Kc = 0.1676

τc = 1.04ms

which gives,Kp = 0.1676 andKI = 167.6

The bode diagram of the compensated loop gainIactual / Iref is as shown in figure 2.8.

Observation:

From the plot 2.8, the bandwidth of compensated loop is 1.76 kHz.As per Thumb rule,

The Gain Margin should be above 6 dB and Phase Margin should beabove 50°. In our
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Figure 2.8: Bode Diagram for Compensated Loop gain functionof inner current loop

condition, Gain Margin is infinite and Phase Margin is 61.3°.

The DC Bus current is also a representation of motor current since at any instant of

time, only two phases are conducting. One top switch and one bottom switch will con-

duct. Hence, Current sense resistor will be kept in the return path of the DC bus in

order to avoid the grounding and noise problems. The Value ofcurrent sense resistor is

chosen as a matter of compromise. If higher value of current sense resistor is selected,

high accuracy and can be used over entire voltage range. If low value of resistance is

selected, low voltage drop and hence low power loss.

The step response plot of theIactual / Iref closed loop is as shown in figure 2.9.

Observation:

From the figure 2.9, the settling time of the current is found to be 1.04 ms, which is

equivalent to electrical time constant.
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Figure 2.9: Step response of inner current loop

2.2.6 Design of Speed Controller

The block diagram representing the speed controller as shown in figure 2.10.

System
Current
Loop

Sensor
Delay

Speed
Controller

Mechanical

1
B(1+sτm)

ωref

K1

1+sτ1

ωm

Tl

Kb
1

1+sτb
Kω(1+sτω)

sτω

ωactual

Figure 2.10: Implementation of Speed Controller

The mechanical system of the machine without implementing any control loop has sys-

tem characteristics as shown in figure 2.11.

Observation:
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Figure 2.11: Bode Diagram for Mechanical system transfer function

From the plot 2.11, the bandwidth of the mechanical system isfound to be 25 Hz.

The outer speed control loop, which have bandwidth lesser than the inner current loop,

is built using Proportional and Integral controller. The effect of sensor delay and inner

current loop are also taken into consideration.

ωactual

ωref

=

Kω(1+sτω)Kb

B(1+sτmech)(1+sτb)sτω

1 + Kω(1+sτω)KbK1

B(1+sτmech)(1+sτb)(1+sτ1)sτω

(2.6)

If friction co-efficient is not known, then we can design the controller using a technique

known as “Symmetrical Optimization”. Select the speed loopbandwidth such that cor-

ner frequency is at geometric mean of product ofτc andτω

The bandwidth of the speed loop is chosen as 500 Hz. The Compensated loop gain for

the speed control loop is compared with desired bandwidth and we obtainKp andKI

values.

Compensated Loop gain is given by
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GHs =
Kω(1 + sτω)K1Ra

KbK2(sτem)(1 + s(2σ))(1 + sτ1)
(2.7)

where,σ = τb + τ2

After doing first order approximation

GHs =
Kω(1 + sτω)K1Ra

KbK2(sτem)(1 + s(2σ + τ1))
(2.8)

where,δ = τ1 + 2σ

Assumeτω = 4 * δ , SelectKω such that corner frequencyωc = 1√
τωδ

. Hence,ωc = 1
2δ

τω = 4 * (500 * 10−6)

Electromechanical time constantτem = τm∗B∗Ra

Kb

Kω = (0.5 * Kb* τem) / (Ra * 500 * 10−6)

1

sτω(des)
=

Kω(1 + sτω)KbK1

Bsτω(1 + sτb)(1 + sτmech)(1 + sτ1)
(2.9)

From the above equation,

Kω = 6.25,τω = 2ms which givesKp = 6.25 andKI = 3125

The bode diagram of the compensated loop gainωactual / ωref is as shown in figure 2.12.

Observation:

From the plot 2.12,

the bandwidth of the outer loop is 176 Hz which is 1/10th of inner loop. The above

condition is the ideal condition of obtaining the proportion of outer loop bandwidth to

the inner loop bandwidth. The worst condition is thatτω = 3 τc This is achieved by
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Figure 2.12: Bode Diagram for Compensated Loop gain function of outer speed loop

following mathematical computations using symmetric optimization.

The step response plot of theωactual / ωref closed loop is as shown in figure 2.13.

Observation:

From the plot 2.13, the settling time for the speed to track the reference speed is around

10ms.

2.3 Simulation Results of BLDC machine in Closed loop

The BLDC machine model from MATLAB library with our machine pa-

rameters is selected and two loop control methodology is implemented with inner cur-

rent loop and outer speed loop. The three phase inverter is built using MOSFETs and

DC bus Capacitance is placed in parallel with power source. Pulse width modulation

technique is used to control the duty of the gate pulses to thepower switches thereby
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Figure 2.13: Step response of outer speed loop

controlling the speed.

Reference speed for the machine is given in step of 104.72 rad/s andTl = 0.1 Nm at

time t = 1 s. Simulation results are plotted and presented below.

Observation:

From the figure2.14a, Three phase back-EMFs are measured with Vdc = 24 V andTl =

0.1 Nm. The signal conditioning circuit inside the machine model gives smooth wave-

forms of the back-emf.

From the figure2.14b, Phase current will shoot-up at the instant of providing the refer-

ence speed and then settled under steady state value of 0.96 A.

From the figure2.14c, Electromagnetic Torque will increaseproportionally to phase

current and then settled under steady state value of 0.2 Nm since it has to overcome

frictional torque.

From the figure2.14d, Actual speed follows the reference speed and got settled at t = 45
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(a) Three Phase Back EMF
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200 mN/div

(d) Reference Vs Actual Speed
Scale: x-axis- 200 ms/div , y-axis-
20 rad/div

Figure 2.14: Sensored Operation of BLDC in Closed loop withVdc = 12 V andTl = 0.1
Nm

ms.

When the machine is loaded with load torque = 0.26Nm at time t =2s and the machine

response to the step increase in the load is plotted.

From the figure2.15a, the phase current will increase by stepat time t = 2 s and got

settled at value 4.5 A.

From the figure2.15b,There will be slight dip in the speed at the instant of load torque

step increase and then speed will regulate towards the reference speed.

From the figure2.15c, the torque will increase by step at timet = 2 s and got settled at

value of torque 0.36 Nm.

The above simulations are done with sensored control of BLDCmachine.

Similar results are obtained with sensorless mode of operation. The study of simulation

provides deep insight of the operation of BLDC machine.
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(a) Phase Current of the motor whenTl

= 0.26Nm is applied at t = 2s
Scale: x-axis- 50 ms/div , y-axis- 2
V/div

(b) Reference Vs Actual Speed
Scale: x-axis- 100 ms/div , y-axis- 1
rad/div

(c) Electromagnetic Torque developed
in the motor whenTl = 0.26Nm is ap-
plied at t = 2s
Scale: x-axis- 50 ms/div , y-axis- 50
mN/div

Figure 2.15: Sensored Operation of BLDC in Closed loop withVdc = 12 V andTl =
0.26 Nm
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CHAPTER 3

Hardware Implementation

3.1 Introduction

The modern -day power electronics is evolved with various cutting-edge

technologies and compactness of components. As package dimensions reduces, ther-

mal management becomes critically important. The effective way of dissipating heat

is by forced convection (i-e)moving the air inside and around the heat source. This is

achieved with the help of fans, particularly BLDC motors because of their high power-

to-volume ratio. Operating the fan in full-speed leads to noisy and this condition might

not needed always. This creates a demand for adjusting the speed of the fan according

to environmental conditions. The real challenge of design and develop the inverter and

controller circuit had been started. Our objective is to build a low cost inverter and

controller circuit for BLDC machine which can be used in fan applications[5]. Litera-

ture Survey had been carried out and found that implementingdigital control of BLDC

machine is cheap and effective with respect to operation. The BLDC motor with input

voltage of 12 V DC is the most commonly used. We selected BLDC motor of rating 24

V, 80 W, 1500 RPM since our inverter can drive motor upto 120 W.

The digital controller for BLDC motor control is developed by various manufacturers

such as Atmel, Allegro, Freescale semiconductors, Microchip Technologies,NXP Semi-

conductors, Renasas,Texas Instruments and Zilog etc.We have chosen PIC16LF1937

from Microchip Technologies since it has some unique features and high value to cost.

PIC16LF1937 has following features.

1. 16KB of Flash Program Memory

2. 1024 Bytes of Random Access Memory (RAM)

3. 10-bit resolution and 14-channel Analog to Digital Converters (ADC)

4. Integrated Liquid Crystal Display (LCD) driver



5. Integrated Capacitive Sensing Module

6. Supports Serial-Parallel Interface(SPI), Inter-InterCommunication(I2C), Enhanced
Universal Synchronous Asynchronous Receiver Transmitter(EUSART)

In this Chapter, we will briefly discuss about the design and development of controller

and inverter circuit for BLDC machine and verification of experimental results.

3.2 Design of Controller Circuit

The Controller circuit for BLDC machine consists of microcontroller as its heart and

Peripheral circuit required for powering the microcontroller in addition to General Pur-

pose Input/Output pins as shown in figure 3.1. Hall sensor signals from the motor or

Virtual hall sensor signals generated by back-emf sensing,are fed into the microcon-

troller ADC port pins as inputs. The Current signal and the DCbus voltage sense signal

are also fed int microcontroller as inputs. The gating pulses are generated and taken

out as outputs. The measured and estimated quantities of themachine such as reference

speed, actual speed and hall frequency are displayed using 16 * 2 alphanumeric type

LCD. Also, the speed response can be seen using frequency to voltage converter.

Figure 3.1: Hardware Board of Controller circuit
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3.2.1 Selection of Microcontroller and its Powering modes

Microcontroller determines the speed of operation of the control algorithm,

number of parameters and manipulations can be handled, starting sequence for motor

and type of response when fault is detected.

Brief comparison of Microcontroller comparison from threemanufacturers such as At-

mel , Freescale, Microchip and Zilog as shown in table 3.1.

Table 3.1: Comparison of features of Microcontroller amongdifferent manufacturers

Features Atmel Freescale Microchip zilog
ATtiny861 MC68HC908MR32 PIC16LF1937 Z16FMC32AG20EG

Clock Frequency 20 MHz 32 MHz 32 MHz 20 MHz
Flash Memory 8 KB Available in 16KB Available in

16KB and 32KB 16KB and 32KB
Program Memory 16-bit 16-bit 14-bit 16-bit

Instruction
length

Data Memory 512 Bytes 768 Bytes 1024 Bytes 2KB
Instruction 8-bit 8-bit 8-bit 8-bit or 16-bit

length
Peripheral One 8/16-bit Six 16-bit One 16-bit Three 16-bit

Timer One 8/10-bit Timer Three 8-bit Timer
Counters Timer Timer

ADC 10-bit 10-bit 10-bit 10-bit
Channels 11 Channels 10 Channels 14 Channels 12 Channels

PWM 3 Channels 6 Channels 5 Channels 6 Channels
Channels with separate 12-bit Capture 12-bit

Comparators modules Comparators modules
General 16 pins 44 pins 36 pins 46 pins

Purpose I/O
Communication Universal Serial I2C, SPI I2C, SPI

Interfaces serial with Parallel USART USART
start condition Interface Interface Interface

detector

From the above comparison, it is found that Microchip microcontroller has good fea-

tures which can be used for motor control applications. Hence, we decided to use

PIC16LF1937 for BLDC motor control. An external crystal oscillator (32.768 kHz) is

provided so that user can make use of it if internal oscillators are not working.

3.2.1.1 Powering Modes of Microcontroller

There are three modes of powering up the microcontroller[8] as shown in

figure 3.2.

1. PicKit 3 In-Circuit Debugger (ICD)

2. PicKit In-Circuit Serial Programmer (ICSP)

3. 3.3V DC Power source
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System

PIC

16LF1937

Power Source

PC

PicKit 3 ICD

PicKit ICSP

External 3.3V

Figure 3.2: Powering Options of Microcontroller

PicKit 3 ICD cum Programmer provides powering, programmingthe microcontroller

and debugging the coded program in the board itself. PicKit 3ICD should be connected

to system or Personal Computer and there is a provision in thesoftware where we

can have the option of powering the board from PicKit 3 ICD. MPLAB X Integrated

Development Environment (IDE) is the software where we can edit the program in C

or assembly, compile the program and build the program. Thenwe have to select the

target device for programming and debug the program in MPLABwhich enables the

PicKit 3 ICD to operate in debugging mode.

3.2.1.2 Description about MPLAB X IDE software

MPLAB X IDE is a free software provided by Microchip along with MPLAB

X Compilers. MPLAB X supports 8-bit, 16-bit microcontrollers and dsPIC digital sig-

nal microcontrollers. MPLAB X simulator where we can simulate the entire hardware

circuit and watch the variable values in the watch window. Thus, MPLAB X IDE is a

very effective tool in terms of programming and debugging the program. The MPLAB

X IDE supports different compilers such as Hi-tech C, MPASM,PIC C compiler and

XC8, XC16, C32 compilers. The set of procedure to be followedfor creating new

project, editing the source file and building the program. Finally, we have to debug the

program so that it programs the target device and enters debugging mode. The pro-

gram can also be dumped into flash memory and after that there is no requirement of

programmer. The basic gate pulse is as shown in figure 3.3.
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Figure 3.3: Basic Gate Pulse from microcontroller
Scale x-axis - 10µs/div y-axis - 1 V/div

3.3 Design of LCD interface

PIC16LF1937 microcontroller has integrated LCD driver which supports

seven segment display. The Timer 1 can be used to clock the LCDmodule and micro-

controller itself provides the power. The maximum range of the microcontroller is 41
2

digit. Due to the non-availability of segmented LCD, we havemoved to alphanumeric

LCD. 16*2 display is the most commonly used. The power for LEDbacklit and LCD

circuit is provided by external 5 V adaptor.

3.4 Implementation of Frequency to Voltage converter

If reference speed is changed at time instant, say t sec, the time taken by the

actual speed to track the reference speed is known as the response time of the system.

The hall signals which give information about the angular velocity of the rotor is given

to frequency to voltage converter and corresponding outputis proportional to the input

frequency. Here We used KA331 which is a Voltage to Frequencyconverter, also can

be configured as Frequency to Voltage converter. The full scale range of frequency is

10 kHz. The supply given to IC is 5 V. The output consists of low-pass filter whose

cut-off frequency should be such that the rise time of the speed response should not be

affected.
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3.5 Software Implementation

The clock frequency is 32 MHz and instruction frequency isfosc / 4 (i-e) 8

MHz. The microcontroller has an excellent capability of handling interrupts with auto-

matic context saving.

There are two routines by which program is executed. The mainroutine where all the

variable declaration and LCD initialization codes are written.

The interrupt service routine consists of the gate pulse generation logic and closed loop

control implementation code. The ISR will provide constantexecution frequency and it

is set to 40 kHz.

The entire program is written in C program. The Registers, Timers and other microcon-

troller peripherals are initialized with the syntax as per device datasheet.

The basic block diagram depicts the sequence of initialization of software is as shown

in figure 3.4.

The inclusion of necessary header files to the program shouldbe done first. For dis-

playing the characters in LCD, Analog to Digital conversion, Button input for mode

switching,

Also the configuration words should be initialized propoerly at the begining. Master

clear reset, Watch-dog timer, Brown-out reset are set appropriately.

The algorithm for writing the main loop[6] is given as in figure 3.5.

The main routine consists of setting up of all Timers, Registers and Interrupts. Then,

the LCD routine is initialized and switching between display modes when button input

is sensed. The display of characters and values of the parameters are written in the LCD

routine.

The algorithm for writing the interrupt service routine[7] is given in figure 3.6.

The interrupt service routine is executed when capture input pin of the microcontroller
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Figure 3.4: Main Procedure for running experiment

senses the every rising edge of the signal and Timer overflows. The speed is calculated

based on the consecutive rising edges and counter value between two edge sensing.

Also Timer 0 is used for running the control sequence and commutation sequence func-

tions at constant sampling time.

3.6 Design of Inverter Circuit

The BLDC machine is driven by three-phase inverter bridge circuit. The

topology of the inverter is 2-level Voltage Source inverter. Conventionally, all six power

switches used in the inverter bridge circuit are N-Channel MOSFETs. MOSFETs are

chosen for low power high frequency applications whereas for high power and low fre-

quency applications, Insulated gate Bipolar Transistors (IGBT) are used.
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Declaration

If
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switch mode

Switch display
Reference speed
Actual Speed

End

Start_run = 1

Button position

Interrupts
CCP modules 
Timer 0 ,1

Initialize Ports

While
(1)

start_run == 0

Figure 3.5: Algorithm for Main loop

The circuit diagram of two level Voltage Source Inverter is as shown in figure 3.7.

The pole voltage at the midpoint of each leg of the inverter takes only two values either

Vdc or zero.

VaN = Ua ∗ Vdc (3.1)
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Start

CCP2IF = 0
Period = CCPR2
Count1 =1
Count = 0

if

if

commutate

if

CCP2IF = 0
Period1 = CCPR2
Overflow = Count
calculate speed

End

CCPR1L = picontrol

TMR0IF 

CCP2IF
Count1 = 1

CCP2IF &
if

Count1 = 0

TMR1IF

TMR0 = 0x37
TMR0IF = 0

Count = Count +1
TMR1 = 0
TMR1IF = 0

Figure 3.6: Algorithm for Interrupt Service Routine loop

where,Ua = 1 when switch S1 is ON andUa = 0 when switch S4 is ON

Similarly, forVbN andVcN

The phase voltage of the machine is given by
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Figure 3.7: Typical 2-level Voltage Source Inverter

Van = VaN + VNn (3.2)

Similarly for Vbn andVcn

VNn = −
(VaN + VbN + VcN)

3
(3.3)

The phase voltage of the machine can be represented in terms of DC bus voltageVdc as

shown below

Van = Sa ∗ Vdc (3.4)

where,Switching functionSa = 1
3

* (2Ua - Ub - Uc)

similarly for Vbn andVcn

For low voltage applications whereVDS less than 200 V,Power Trench MOSFETs are

used instead of conventional planar MOSFETs. Power Trench MOSFETs have vertical

structure of inner layers and they are compact devices compared to planar MOSFETs.

With the implementation of CMOS technology, the gate threshold voltage has been

reduced to 2 V for 10-15 VVDS applications.
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From figure 3.8, the gate threshold voltage characteristicsof N-Channel MOSFET

(DMN3007LSS) is measured and found it to be 1.9 V.

Figure 3.8: Gate Turn-ON characteristics of N-channel MOSFET
Scale x-axis -10µ s/div y1-axis -1 V/div y2-axis -1 V/div

From figure 3.9, the gate threshold voltage characteristicsof P-Channel MOSFET (IRF9317PbF)

is measured and found it to be 2.1 V.

Figure 3.9: Gate Turn-ON characteristics of P-channel MOSFET
Scale x-axis - 1 ms/div y-axis - 2 V/div y2-axis - 1 V/div

Conventionally, Six N-Channel MOSFETs are employed which has high mobility rate

of charge carriers and lowRDS compared to P-Channel MOSFETs. The major draw-

back of N-Channel MOSFETs is that they require isolated gatedrivers or pulse trans-

formers for high and low-side switches, which will make the circuit complex. This

requires additional power supply and saturation effects oftransformers. To overcome

the above issues, P-Channel MOSFETs as high side switches where low-side gate driver

can be used with simple level shifting.

The main disadvantage of P-Channel MOSFET is highRDS (on) and about three times

lesser mobility rate of charge carriers. For sameRDS, the size of P-Channel MOS-

FET is bigger than N-Channel MOSFET. This means the cost-effective solution with

P-Channel MOSFETs require optimization of devices towardsreducedRDS. For low

frequency applications, bootstrap loader or floating gate driver circuit is used.

The ratings and specifications of the MOSFETs are attached inAppendix.
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3.6.1 Design Consideration for transistor driver configuration in

BLDC Inverter Circuit

From the circuit diagram shown in figure 3.10,

2N2222A
P−Channel
MOSFET

N−Channel
MOSFET

Current sense resistor

HS Gate
Pulse

Pulse
LS Gate

RB

RE

RB
′

RC

RC
′

VDC

Figure 3.10: Transistor Driver circuit for MOSFETs

Applying KVL for Base-Emitter Loop

VBB − IBRB − VBE − IERE = 0 (3.5)

DC current gain of NPN transistor is given by

β =
IC
IB

(3.6)

IC = βIB

We know,

IE = IC + IB (3.7)

whereIB << IC
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So

IE ≈ IC (3.8)

IE = βIB

(3.9)

By using the above equations

3.3− IBRB − 0.7− βIBRE = 0 (3.10)

2.6 = (RB + βRE)IB

IB =
2.6

(RB + βRE)

whereRB << βRE

IB ≈
2.6

βRE

(3.11)

IC ≈
2.6

RE

(3.12)

(3.13)

The above transistor circuit configuration is known as Emitter Bias Configuration. It

has the following advantages.

1) It provides degeneration, negative feedback effect.

2) It assures the stability (i.e) Stabilizes the Q-Point of the transistor.

Figure 3.11: Driver output with respect to gate pulse
Scale x-axis - 20 ms/div y-axis - 2 V/div
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Applying KVL for the collector Emitter Loop

VCC − ICRC − VCE − IERR = 0 (3.14)

VCC − ICRC − VCE − ICRR = 0

VCC − VCE = IC(RC +RE)

IC =
24− VCE

(RC +RE)

IB =
24− VCE

β(RC +RE)

Consider the following assumptions

ICRC = 5V (3.15)

IERE = 2.6V

ICRE ≤ 2.6V

VCC − VCE − IC(RC +RE) = 0

VCE = VCC − IC(RC +RE)

= 24− (5 + 2.6)

= 24− 7.6

VCE = 16.4V

(3.16)

This shows that the transistor is operating in active region.

RC

RE

=
5

2.6

RC = 1.2RE

(3.17)

The Typical value ofRB = 1kΩ.By reference to theVCE Vs IC Characteristics of

2N2222A Data sheet and DC Load line characteristics, we can say thatIC ≈ 15mA.
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So,

IB =
IC
β

=
15mA

200

IB = 75µA

RC =
5

15mA
(3.18)

= 0.333× 103

= 333Ω

(3.19)

So we can choose,RC = 330Ω

IE = IC + IB

= 15mA+ 0.075mA

IE = 15.075mA

IERE = 2.6 (3.20)

RE = 172.47

(3.21)

So we can chooseRE = 180Ω R′
B = RB = 1kΩ To limit the current flowing into the

Gate-Source capacitanceCGS of low-side N-Channel MOSFET, resistance of100Ω is

connected in series to the gate. SoR′
C = 100Ω

3.6.2 Design of Current sense resistor

The sensing of motor current is required in order to derive the control al-

gorithm for torque control while loading the machine. Minimum of two phase current

measurement should be done by placing the current meters in series to the motor termi-

nals. Otherwise, current sensing can be done between DC power source and inverter.

There are different modes of measuring the current flows to the machine.
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1. Current sense resistor (Shunt resistor)

2. Current transformers

3. Hall effect sensor

Current sense resistor provides the measurement of the current at low cost with good

accuracy[8]. The Current sense resistor should be non-inductive and thevalue is cho-

sen in such a way that under full load condition, the measuredvalue should be within

the range of ADC requirements.The Current sense resistor technique is limited to the

measurement of current range of 20 A as power dissipation increases, beyond that. The

effect of value of current sense resistor is analyzed and as shown in table 3.2.

Table 3.2: Selection of Current sense resistor value

S.No Property Low Rsense High Rsense

1 Accuracy Low High
2 Voltage drop Low High
3 EMI and Noise Low High
4 Output range Limited Full scale

Metal film resistors are normally preferred to wire wound resistors, which have large

inductance values. Also, sense resistors can be formed fromtrace resistance on a PCB.

However, their accuracy over a wide temperature range is poor. The current sense

resistor can be placed in high side (i-e) Positive DC bus sideor low side (i-e) Negative

DC bus side. Each has its own advantages and disadvantages asshown in table 3.3.

Here, Current sense resistor value = 0.1Ω. The signal is isolated and amplified in

Table 3.3: Placement of Current sense Resistor

S.No Property Low sideRsense High sideRsense

1 Grounding and EMI Impact on output Not affected
2 Output type Single-ended Double-wired
3 Isolation Not required Must required
4 Implementation Easy Difficult

order to meet ADC requirement of microcontroller. The schematic diagram of signal

processing of sensed current signal is as shown in figure 3.12.
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LM324N

Filter

To Microcontroller

VDD1 VDD2

Figure 3.12: Schematic Diagram of Current sensing

3.6.3 Deign of DC bus Capacitance

The DC power source output is connected to the inverter whereswitching

provides non-linear loading. Hence, Source is subjected tohigh harmonic content and

it will affect the reactive power supplied by the source. In addition to this, Source will

have internal impedance and it will affect the switches during course of time. The value

of the capacitance is chosen by

CapacitanceC =
Ipeak

∆V ∗ fs
(3.22)

We have chosen 4700µF, 50 V electrolytic capacitor.

3.6.4 Design of Back-EMF sensing circuit

The back-emf signals are attenuated suitably to meet ADC requirement of

microcontroller by appropriately choosing potential divider resistor values and filters

are required to remove Pulse Width Modulation noises.

The circuit diagram for sensing the back-emf is as shown in figure 3.13.

Va = R2
R1+R2

* VaN

similarly for Vb andVc

R2 = 22 kΩ
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Back EMF A
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LM339N

LM339N

LM339N
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Figure 3.13: Schematic Diagram of Back EMF sensing

R1 = 100 kΩ

For the Comparator, the back-emf signals are connected to non-inverting input and

virtual neutral signal is connected to the inverting input.When back-emf signal is

higher than virtual neutral, the comparator output will be high and vice-versa when

back-emf signal is lesser.

Here, LM339N, quad channel comparator, is used which can be operated from 3 V to 36

V. The digital pulse generated from comparator output is similar to Hall sensor signals.

3.6.5 Design of Inverter Printed Circuit Board

The Inverter PCB is a double-layered having dimensions of 120 mm *

85 mm. The layout of PCB is designed in such a way that the gate drive signals are

close proximity to the gate of MOSFETs and ensured the symmetry. Since the use of
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practical components and tracks of appreciable length, theeffect of Electromagnetic

Interference is inevitable. This arises because of unwanted coupling which may be

resistive, inductive or capacitive. A first order approach to reduce the effect is to follow

design guidelines of PCB strictly.

As a matter of protection, fuse of 5 A is added in series to the supply line. A Low Drop-

out voltage regulator is used to provide supply for the comparator ICs and Optocoupler

Pull-ups.

The hardware development of inverter board is as shown in figure 3.14.

Figure 3.14: Hardware Board of Inverter circuit

3.6.6 Selection of BLDC motor

The BLDC motor with trapezoidal back-emf is available in themarket

from few watts to several kW ranges. The cost of the BLDC machine is high compared

to equivalent rating of induction and DC machines. This is the reason due to usage of

permanent magnet materials such as ferrites and rare earth magnets such as Neodymium

- Ferrite Boron (NdFeB).The name plate details of the BLDC motor which we used is

as follows.

1. Motor Power rating : 80 W

2. Rated Speed : 1500 RPM

3. Rated Voltage : 24 V
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4. Number of Poles : 4

5. Rotor Inertia : 0.0005 kg -m2

The complete set-up of the hardware is as shown in figure 3.15.

Figure 3.15: Complete Experimental set-up

The detailed specification and rating of the machine is attached in Appendix A.

3.7 Model Validation and Experimental Results

The experiment is carried with 24 V, 80 W, 1500 RPM BLDC motor,cou-

pled with mechanical belt-drum loading arrangement as shown in figure 3.16. The In-

verter board is powered from Agilent DC power source 60 V, 25 A. The microcontroller

board is powered through PicKit 3 ICD which in turn connectedto system or PC. The

supply for the comparator IC and LCD is derived from 5 V adaptor. The waveforms

are measured using Agilent 4-Channel Oscilloscope having bandwidth of 70 MHz. The

measurement probes used for the experiment are Agilent 10:1passive probe.
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Figure 3.16: Motor loading arrangement

3.7.1 Observations and Learning outcomes from Experiments

3.7.1.1 Condition: Sensorless open loop

(a) Simulation - BLDC run with
mechanical input
Scale: x-axis- 10 ms/div , y-
axis- 20 V/div

(b) Hardware - BLDC run with
mechanical input
Scale: x-axis- 100 ms/div , y-axis-
500 mV/div

Figure 3.17: Simulation and Hardware results comparison ofMotor RPM

From the figure 3.17, BLDC motor is rotated using hand as mechanical input and found

the shape of the back-emf. It is observed that trapezoidal back-emf is generated and had

120°flat portion. In the hardware waveform, there are ripples in the flat portion, which

is due to slot ripple. The required current excitation to themotor should be given such

that constant power is developed.The power developed for the machine when rotated at
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constant RPM is shown in figure 3.18b.

(a) Phase current excitation to the
machine
Scale: x-axis- 10 ms/div , y1-axis-
2 V/div y2-axis - 1W/div

(b) Power developed in the ma-
chine
Scale: x-axis- 10 ms/div , y-axis-
500 mA/div

Figure 3.18: Motor Excitation current and Back EMF Voltage

This requires detection of rotor position and it is achievedusing Hall sensors. The hall

sensors are mounted in the stationary particularly and provided with external power

source for its operation.

(a) Simulation - BLDC machine
with hall sensor based excitation
Scale: x-axis- 5 ms/div, y1-axis-
1 V/div,y2-axis - 0.5A/div

(b) Hardware - BLDC machine with
hall sensor based excitation
Scale: x-axis- 20 ms/div , y1-axis- 5
V/div y2-axis - 0.5 A/div

Figure 3.19: Simulation and Hardware results comparison ofsquare wave input gate
pulse

From the figure 3.19, depending upon the hall sensor outputs,the gate pulses to the

MOSFETs are derived and each switch conducts for 120°and each switch combination

conducts for 60°.

From the figure 3.20, it is observed that by changing PWM duty by keepingVDC con-

stant, variable output voltage can be obtained and fed to themachine. In hardware,
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(a) Simulation - PWM mode with duty
changed from 0.5 to 1 at time instant t=
0.2
Scale: x-axis- 50 ms/div , y1-axis- 2
V/div y2-axis - 200 rpm/div

(b) Hardware - PWM mode with duty
changed from 0.5 to 1
Scale: x-axis- 1 s/div , y1-axis- 200
mV/div y2-axis - 2 V/div

Figure 3.20: Simulation and Hardware results comparison ofPWM duty to gate pulses

PWM is generated from microcontroller by setting suitable values in Timer 2 register

and PWM module.

3.7.1.2 Condition : Sensorless Mode of operation in closed loop with No load

From figure3.21a, the high side P-Channel MOSFETs are drivenby square wave gate

pulses without chopping. The gate pulses are phase shifted by 180°.

From figure3.21b, the low-side N-Channel MOSFETs are drivenby chopped gate pulses.

The duty of the pulses are controlled by the output of Controlloop.

From figure 3.21c, the phase current to the motor is measured by clamp type ammeter.

From the figure 3.22, the settling time of the speed is noted inhardware and found that

around 1 s.

3.7.1.3 Condition : Sensorless mode of operation in closed loop with load

From the figure 3.23a, it is observed that the machine speed regulates to the reference

speed under loaded condition. When motor load is 2.5 A, the reference speed is 800

RPM, the actual speed regulates and tracks the reference speed. From the figure 3.23b,
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(a) Gating Pulses to the High side
of MOSFETs
Scale: x-axis- 10 ms/div , y-axis-
2 V/div

(b) Gating Pulses to the Low side
of MOSFETs
Scale: x-axis- 10 ms/div , y-axis-
2 V/div

(c) Motor Phase Current under No
Load
Scale: x-axis- 20 ms/div , y-axis-
200 mA/div)

(d) Virtual Hall signals from
Comparator output
Scale: x-axis- 10 ms/div , y-axis-
2 V/div

(e) Back EMF measured with re-
spect to neutral of machine
Scale: x-axis- 10 ms/div , y-axis-
5 V/div)

(f) DC Bus Current
Scale: x-axis- 50 ms/div , y-axis-
200 mA/div

Figure 3.21: Sensorless Operation of BLDC in Closed loop with Vdc = 12 V

it is observed that load of 2.5 A is applied instantaneously at time t sec, there is dip in

the speed and then it tracks the reference speed.

Depending upon the sampling time and PI constants, the response of the control loop

varies. We have implemented only speed loop which is the outer loop. The Reference

speed is given by the Potentiometer whose value is convertedthrough ADC. The LCD

is used to indicate the reference speed, actual speed and Hall frequency. Thus, We have
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(a) Reference Vs Actual Speed
Scale: x-axis- 200 ms/div , y-axis- 20
rad/div

(b) Hardware - Actual Speed with
pseudo reference
Scale: x-axis- 1 s/div , y-axis- 100
mV/div

Figure 3.22: Simulation and Hardware results comparison

(a) Motor Phase Current with load
Scale: x-axis- 50 ms/div , y1-axis-
5 V/div y2-axis - 5V/div y3-axis -
5A/div

(b) Hardware - Actual Speed with
load disturbance
Scale: x-axis- 1 s/div , y1-axis- 500
mV/div y2-axis - 2A/div

Figure 3.23: Simulation and Hardware results comparison inloaded condition

completed the experimental validation of the hardware. Further, Inner Current loop will

be closed and speed response will be plotted. Along with simulation, the verification of

hardware circuit and validation of results with simulationmake things understand very

clearly.
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CHAPTER 4

Summary and Future Scope

4.1 Summary

By carrying out this project, there are lot of learnings and good hands-on

experience of hardware.

1. Initially with the study of permanent magnet materials and machines made up
of permanent magnet materials, the importance of PM machines in modern-day
applications has increased.

2. Permanent Magnet Brushless DC machines are similar to DC machines with-
out commutator and brush arrangement. The modeling of BLDC machine using
steady state condition and observe the performance of machine in various modes
of operation in Simulink in MATLAB.

3. The design of controller for achieving the speed regulation and torque ripple re-
duction under sudden loading conditions. The selection of bandwidth for both
inner loop and outer loop depending upon the constraints of the machine model-
ing has been studied.

4. The development of circuit reveals the non-idealities associated with ideal condi-
tions assumed for thoretical and simulation. The effect of temperature, electro-
magnetic interference, inductive and capacitive couplingwhich is not considered
in theoretical and simulation will play a crucial role in achieving the output.

4.2 Future Scope

The future scope of this work includes the implementation offour quadrant PMDC

drive with the same inverter and controller board.



The inverter circuit is slightly modified with line driver ICs and inclusion of delay card

in the controller make the entire circuit versatile to be used for induction drives.

In the view of low-cost development, an application specificICs can be used which

consists of Hexfet MOSFET bridge along with driver and protection circuits.
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APPENDIX A

Motor Specifications

Figure A.1: Motor Specification



APPENDIX B

Circuit Block Diagram

Figure B.1: Complete Circuit Block Diagram



APPENDIX C

Inverter Schematic

Figure C.1: Inverter Schematic for BLDC Drive



APPENDIX D

Controller Schematic

Figure D.1: Controller Schematic for BLDC Drive



APPENDIX E

Bill of Materials for Driver Circuit

Figure E.1: BOM for Driver Circuit



APPENDIX F

Bill of Materials for Controller Circuit

Figure F.1: BOM for Controller Circuit



APPENDIX G

N Channel MOSFET

Figure G.1: Specifications of N-Channel MOSFET



APPENDIX H

P Channel MOSFET

Figure H.1: Specifications of P-Channel MOSFET
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